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FIGURE 1.2 SOIL SURVEY MAP SCALE- 1"=1667'
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FIGURE 1.4 WEATHER SfATION LOCATION MAP REF: PENNSYLVANIA ATLAS AND GAZETTE. 1990
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CHAPTER TWO: FACTORS AFFECTING EVAPORATION
2.1 Introduction
Evaporation from an open water surface is a function of several main factors; the amount
of solar radiation reaching the earth's surface, the temperature of the water and the air
above it, the vapor pressure deficit, the movement of air above the water surface and the
atmospheric pressure. Other factors, such as soil color and depth of the body of water,
may also have an impact on evaporation; however, they are not discussed in this study.
2.2 Factors Mfecting Evaporation
2.2.1 Solar Radiation
Incoming solar radiation is the dominant source of heat and affects evaporation amounts
over the surface of the earth based on latitude and season. This source of energy for
evaporation at the Earth's surface is solar radiation and is governed by the following laws
and factors:
2.2.1a Laws of Radiation
Three basic laws govern radiation and a complete description of these laws are beyond the
scope of this study but are summarized as follows (Bras, 1990):
• Kirchoff's Law which states that at thermal equilibrium the amount of radiation
absorbed by the atmosphere at a particular wavelength is equal to the amount of
radiation emitted at the same wavelength.
• Planck's Law which states that the intensity emitted from a black body changes at
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different wavelengths and temperqtures.
• The Stefan-Boltzmann Law which states that the radiation of a black body is
proportional to the fourth power of the absolute temperature (degrees Kelvin) of
the body.
2.2.1b Atmospheric Effects on Solar Radiation
Radiation comes directly from the Sun or indirectly from the surrounding atmosphere.
The rate at which solar radiation reaches the upper limits of the earth's atmosphere on a
surface nonnal to the incident radiation at the earth's mean distance from the sun is known
as the solar constant and is 1353 W/m2 (Iqbal, 1983). The solar constant, sun's altitude,
latitude, season, time of day and atmospheric conditions detennine the amount of solar
radiation reaching the earth's surface.
The sun transmits light and other radiation at different wavelengths as shown in Figure
2.1, but only a fraction of this energy reaches the Earth's surface. Approximately half of
the total energy emitted by the sun is in the visible light range, with wavelengths ranging
from 0.4 to 0.7j.tm and the rest reaches the earth as ultraviolet or infrared wavelengths
from 0.15 to 4.0j.tm. The maximum rate of the sun's emission occurs at 0.5J.tm
wavelength in the visible light range and is 10,500 kW/m2 (Bras, 1990).
As solar radiation passes through the atmosphere there is a loss of energy known as
attenuation and is a function of three (3) main components: scattering, absorption and
15
reflection.
• About 9% of incoming radiation is scattered back into space through collisions with
molecules of air or water vapor. Another 16% is also scattered, but reaches the
Earth as diffuse radiation giving the sky a blue appearance (Iqbal, 1983).
• Approximately 15%of solar radiation is absorbed by the gases of the atmosphere,
particularly by the ozone, water vapor and carbon dioxide (Iqbal, 1983).
• On average, 33 % of solar radiation is reflected from clouds and the ground back
into space. The amount depends on the albedo or reflectivity of the surfaces.
White clouds and fresh white snow reflect about 90% of the radiation and the
albedo of a water surface is usually assumed to be 6% (Iqbal, 1983).
Thus, as a result of the various atmospheric losses, approximately 43 % of solar radiation
reaches and heats the earth's surface (Iqbal, 1983). However, the earth itself radiates
energy in the long-wave range and this long-wave radiation is readily absorbed by the
atmosphere. The net radiation may then be determined from the incoming and reflected
short-wave radiation plus the incoming, reflected and radiated long-wave radiation which
is discussed in greater detail in Chapter 4.2.
2.2.2 Latent Heat of Vaporization
The energy required to convert liquid water into gaseous water vapor at the same
temperature is known as the latent heat of vaporization (Bedient, 1992). This latent heat
is the amount of heat absorbed by a unit mass of a substance, with no change in
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temperature, while passing from the liquid to the vapor state and is determined by:
Le= 597 . 3 - 0 . 57 Ta (2 )
where Le is the latent heat of evaporation in calories per gram and Ta is the air temperature
in degrees Celsius (Bedient, 1992). For evaporation to occur continuously, a latent heat
of vaporization must be available and a vapor pressure deficit between the air and surface
water must exist.
2.2.3 Temperature
Evaporation from lakes can be enhanced when cold air overlays a warm water surface.
As a result, temperature of both air and the evaporating water surface is important in
determining the amount of surface water evaporation. Temperature is dependent on the
sun, latitude, season, time of day, cloud cover and wind speed and is a measure of the
thermal energy that a body possesses. As air temperature increases, the amount of water
vapor it can hold increases and the surface water temperature also increases. This increase
in surface water temperature causes the kinetic energy of water molecules to become more
active and more readily transformed into the vaporized state. For this reason, the warmer
the water, the greater the evaporation rate.
2.2.4 Vapor Pressure DeficitlRelative Humidity
The rate of evaporation is also dependent on the vapor pressure of the water vapor in the
air which indicates the amount of additional water vapor the air can absorb if the vapor
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pressure is less than the maximum or saturated value. This additional amount of water
vapor that the air can hold at the temperature before becoming saturated is known as the
vapor pressure or saturation deficit (VPD) and, according to Dalton's Law,ithe greater this
deficit the greater the rate of evaporation and vice-versa. This deficit varies with height
above the water surface and is the difference between the saturation vapor pressure at air
temperature, Ta, and the vapor pressure represented by the saturation vaPor pressure at the
dew point temperature, Td:
(3 )
where the vapor pressure, ea, is the partial pressure applied by the water vapor and the
saturation vapor pressure, es' is the maximum vapor pressure at that particular temperature
and pressure. The saturation vapor pressure can be determined as follows:
es =2.7489xlO Bexp(- 4278.6) (4)Td+242.79
where Td is the dew point temperature in degrees C and es is in millibars. Equation (4) is
accurate to within ±0.5 %of tabulated values over a range of temperatures from 0 to 40
°C (Bedient, 1992). The relationship between saturation vapor pressure, es' and air
temperature is shown in Figure ~.2.
Dew point temperature, Td' is the temperature at which a mass of unsaturated air becomes
saturated when cooled, with the pressure remaining constant. Therefore, in Figure 2.2,
if the air temperature at 30 ° C is cooled to a dew point temperature of 20 ° C the
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corresponding saturation vapor pressure, es' represents the amount of water vapor or
moisture in the air. Therefore, the higher the dew point temperature, the higher the
moisture content for air at a given temperature.
Relative humidity is a useful tool in determining the vapor pressure of the air and can be
expressed as the ratio of the vapor pressure to the saturated vapor pressure:
(5)
where RH is the relative humidity in percent.
2.2.5 Wind Speed
Wind speed at the water surface is another important factor in evaporation because, as
water evaporates, the air above the evaporating surface gradually becomes more humid
until finally it is saturated and is unable to hold more vapor. However, when the air is
moving, the amount of evaporation increases as air with a lower moisture content replaces
the saturated air mass. For low wind speeds, less water will evaporate because of the
relatively higher vapor content of the overlying air mass while strong wind speeds cause
waves and turbulence at the water surface which causes an increase in surface area and an
increase in evaporation.
Wind speed varies with the height above the water surface and can be represented by the
one-seventh power law:
19
(6 )
where V is the wind speed (meters/sec) at a height of Z meters above the surface, and Vo
is the wind speed (meters/sec) at the height (meters) of the anemometer, which is denoted
by Zo (McCuen, 1989).
2.2.6 Atmospheric Pressure
Atmospheric pressure can be defined as the downward force on a unit horizontal area
resulting from the action of gravity on the mass of air vertically above and can be
determined from the following equation:
Pa~=1013-0.1055EL (7)
where Palm is the atmospheric pressure in millibars and EL is the elevation of the earth's
surface in meters above NGVD (Singh, 1992). Evaporation is higher at lower atmospheric
pressures than at higher atmospheric pressures because there are fewer air molecules for
escaping water molecules to collide with even though air temperature is decreased. Thus,
evaporation is higher at higher altitudes as atmospheric pressure decreases with altitude.
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CHAPTER 3: WEATHER STATIONS & INSTRUMENTATION
3.1 Introduction
In computing lake evaporation by the energy budget method and mass-transfer methods
at Lake Lacawac, various meteorological data at the lake are measured. In addition,
climatological data from the Wilkes-Barre Scranton Airport, located in Avoca, PA, is used
to correlate missing data plus other parameters not measured at the lake. The use of the
weather data from the Avoca, PA weather station may be very useful because, if
~
meteorological data measured at Avoca is representative of conditions at Lake Lacawac,
other nearby water bodies would only need to record water temperature to determine
evaporation. A table summarizing the instrumentation at Lake Lacawac is located at the
end of this chapter (Table 3.1).
3.2 Weather Stations
3.2.1 Lacawac Weather Station
The Lacawac Weather Station (LWS) is a portable surface meteorological facility designed
to support observational field research projects for the atmospheric science community in
the Pocono Mountain region (Figure 3. 1). The Lacawac Weather Station, installed in
1992, has been designed to provide measurements of standard meteorological variables at
15 minute intervals including air temperature, relative humidity, photosynthetic available
radiation, incoming short-wave solar radiation, wind speed and direction, precipitation and
water temperature. These 15 minute values are then averaged for a daily average. The
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meteorological data sensors are attached to a lightweight moveable tripod mounted on a
moveable raft. The raft is located at the center of Lake Lacawac during the warmer
months and moved to a shoreside dock while the lake is frozen (Figure 3.2 and Table 3.2).
3.2.2 Avoca, PA Weather Station
The Avoca, PA (called Avoca hereafter) weather station, located at the Wilkes-Barre
Scranton Aitport, is a National Weather Service Station which publishes data in the Local
Climatological Data Summary. This weather station provides climatological data for air
temperature, dew point temperature, precipitation, atmospheric pressure, wind speed and
direction, and sunshine data.
3.3 Instrumentation
3.3.1 Datalogger and Power Supply at Lake Lacawac
Data is formatted and processed by a Campbell CRI0 data logger located at one meter
above the water surface on a three meter tower (Figure 3.1). The data logger is
programmable and is configured to generate 15-minute average data. The surface data is
collected with independent surface meteorological instrumentation and the output from all
the sensors is directed to the Campbell data logger for processing. Data can than be
transferred, via cellular phone, to Lehigh University where it is analyzed on the Reflex
System.
A Campbell Scientific power supply is used at the weather station and is made up of a 12
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volt deep cycle lead acid battery and two MSXlO solar panels, one facing southeast and
one facing southwest The power supply has a maximum voltage of 14 volts and a peak
power of 10 watts at 1 kW/m2• The datalogger was installed on June 27, 1991.
3.3.2 Data at Lake Lacawac
Daily average data for this study was acquired from the PCLP database of Lake Lacawac
for the time period of July 1992 through December 1996. All data was extracted from an
electronic database maintained at Lehigh University with information accessible through
the software program Reflex™ (Version 2, Borland International, copyright 1989).
3.3.3 Relative Humidity, Air and Dew Point TemperatU(e
3.3.3a Lake Lacawac
Air temperature and relative humidity are measured at Lake Lacawac in degrees Celsius
and percent, respectively. The temperature and relative humidity sensor is attached to the
end of a cross-arm, mounted on a lightweight moveable tripod on the raft at Lake Lacawac
(Figure 3.3). The temperature and relative humidity sensors are contained in a Vaisala
HMP35C instrument probe at a height of approximately 2.33 meters above the water
surface. The actual sensors are a Fenwal Electronics UUT5J1 thermistor and a Vaisala
"humicap" capacitive relative humidity sensor. The accuracy of the humidity sensor
against field references is approximately ±2% with a long term stability of better than 1%
RH per year. The temperature sensor accuracy is ±O.4 degrees C over the range -33 to
+48 degrees Celsius. The HMP35C sensor probe is protected and ventilated by an RM
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Young 12 plate gill radiation shield model number 41002-2. Both the temperature and
relative humidity sensor was last calibrated May 30, 1995.
3.3.3b Avoca
Daily observations, consisting of the current, maximum and minimum temperatures in
degrees Celsius, are made at Avoca. The minimum air temperature is determined from
an alcohol thermometer which remains at the lowest temperature since its last setting while
a mercury thermometer, with a constriction near the bulb is used to measure the maximum
temperature. The mean daily temperature is then calculated as the average of the daily
maximum and minimum temperatures. This yields a value usually less than a degree
above the true daily average. Air temperature is recorded at three hour intervals.
The dewpoint, measured with a wet-bulb thermometer, is the temperature to which air
must be cooled for the existing water vapor to equal the saturation amount and is measured
in degrees Celsius. Typically, there is a rise of dewpoint from dawn to about 9 am on
account of the evaporation of dew, followed by a fall of the air's dewpoint until mid-
afternoon as convection brings drier air down to the earth's surface.. When this has
decreased, there is a slow rise to a second maximum in the evening and subsequently a
decrease till dawn caused by dewfall from the air. Dewpoint temperature is based upon
twenty-one (21) or more observations at hourly intervals (U.S. Department of Commerce,
1992-1996).
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3.3.4 Water Temperature Sensors at Lake Lacawac
A Campbell Scientific 107B thermistor was used from July 1992 to November 1995 to
measure water temperature in degrees Celsius at a depth of 1 meter below the water
surface. In November of 1995, five (5) Campbell Scientific 107B thermistors were placed
in the lake for measurement of water temperatures at depths of 0.10, 1.0, 2.0, 3.0 and 4.0
meters to obtain more accurate profiles of temperature within the lake. The thermistors
have an accuracy of 0.1 ± °C for a range of -24 to 48°C and a resolution of 0.05 °C. The
thermistors are attached to a four inch pvc pipe adjacent to the raft with a weighted chain.
Water temperatures are taken at 1 second intervals and averaged over a 15 minute time
period.
A faulty thermistor provided inaccurate data of surface water temperature from the fall of
1993 to November of 1995. As a result, a water quality model was used to predict water
temperature profiles, CE-THERM-Rl, and water surface temperatures for this time period,
and is discussed in greater detail in Chapter 5.3 (U.S. Army Corps of Engineers, 1986).
3.3.5 Photosynthetic Available Radiation
Chlorophyll molecules used for photosynthesis by plants are sensitive to light in the 0.40
to 0.70J(m waveband. This incoming photosynthetic available radiation (PAR) is measured
with aLI-COR LI190SA pyranometer that uses a silicon photovoltaic which has a spectral
response in the wavelength band from 0.4 to 0.70J(m (Figure 3.3). The linear accuracy
of this instrument is ±5% and is measured at 1 second intervals and averaged over a
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fifteen minute time period. The cosine response has been corrected up to an 80 degree
incidence angle. The PAR is periodically calibrated with the GUV located at the Lacawac
Sanctuary entrance and was last calibrated May 1996.
3.3.6 Shortwave Solar Radiation at Lake Lacawac
An Eppley thermopile radiometer is attached to the end of a cross-arm, mounted on a
lightweight moveable tripod on the raft at Lake Lacawac to measure incoming shortwave
solar radiation in percent of the solar constant. The sensing element of the pyranometer
is covered with a glass dome to protect the instrument and to allow for the maximum
transmission of the total spectrum of incoming radiation at a height of approximately 2.65
meters above the water surface (Figure 3.3). This pyranometer uses a sensing element
which is a thermopile overlaid with black and white segments to detect different
temperatures between the black and white segments. The greater the flux density, the
greater the temperature difference that develops between the different segments. The
pyranometer has a linear accuracy of ±1.5% with the flux density of solar radiation over
the wavelength range of 0.285 to 2.8 f-tm for this instrument. The cosine.response of the
impinging light source has an accuracy of ±2% from a 0 to 70° zenith angle and a ±5%
error from a 70 to 800 zenith angle. Longwave radiation measurements ranging from 4.0
to 100.0 f-tm and shortwave radiation measurements reflected from the Earth's surface are
not recorded. The pyranometer was last calibrated April 3, 1995.
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3.3.7 Sunshine and Sky Cover at Avoca
Sunshine data or the fraction of sunshine hours is the actual number of hours of bright
sunshine over the number of daylight hours and is recorded at three hour intervals in
percent of total possible. Bright sunshine is the total time during the day when the sun is
unobscured by clouds.
The observed cloudiness is commonly quantified in terms of tenths of the sky's area and
are made by human and radar interpretation of the appearance of the sky. The ceiling
altitude, the lowest layer of clouds or obscuring phenomena that is broken or overcast, is
also reported at three hour intervals. Cloud cover can also be classifiedas clear (0-5 %),
scattered (5%-55%), broken (55%-95%) or overcast (95%-100%). The measurement of
sky cover andlor cloud cover ceased at Avoca in March of 1996.
3.3.8 Wind Speed
An R.M. Young 05103 Wind Monitor mounted on a lightweight moveable tripod at a
height 2.75 meters above Lake Lacawac on the raft is used to measure wind speed in
meters per second and direction (Figure 3.4). The monitor is a propeller wind vane with
a 0.9 m/s threshold for wind speed and a 60 mls maximum. Wind direction is measured
using a 360 degree mechanical precision conductive potentiometer. The potentiometer is
10 K-ohm, with a life expectancy of 50 million revolutions and has a 0.25% linearity
through the entire range. The wind data is averaged over 15 minute intervals for 24 hour
periods and tabulated in meters per second.
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Wind speed and direction are in miles per hour at Avoca and measured with an
anemometer at a height of 10 meters above the ground (Lee, 1996). The wind speed and
direction are based on twenty-one or more observations at hourly intervals.
3.3.9 Tipping Bucket Rain Gauge
Rainfall is measured with a Texas Electronics TE525 unheated tipping bucket rain gauge
(Figure 3.5). The rain gauge resolution is 0.10 mm over an air temperature range of 0 to
50°C and a relative humidity range of 0 to 100%. The gauge is positioned 0.5 meters
above the water surface. The daily rainfall summation at Lake Lacawac is in millimeters
taken at 1 second intervals and summed over a 15 minute time period.
Rainfall at Avoca is measured in inches from a rain gauge and is recorded at hourly
intervals.
3.3.10 Atmospheric Pressure
Atmospheric pressure is not measured at Lake Lacawac and is measured at Avoca with a
pressure sensor in millibars at 289 meters (948 feet) above sea level. According to
Equation (7), the station pressure at Avoca is 982.51 millibars and 966.69 millibars at
Lake Lacawac. Therefore, to determine the daily average atmospheric pressure at Lake
Lacawac the following equation is used:
PAa -PAPL =PLa - PLa * atm atm
atm atm atm PAa
atm
29
(8 )
where PLaIm is the computed daily atmospheric pressure at Lake Lacawac,PL~tm and PAaatm
is the average atmospheric pressure based on Equation (7), and PAaim is the measured daily
atmospheric pressure at Avoca in millibars.
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Manufacturer I Campbell Sciemific, Inc.
Model I 107B
Range I -35 to 50"C
Environmental Limits I NIA
A.ccuracy I ± 0 I"C for range -24 to 48"C
Height Relative to Water Surface I -0.10111, - I .Om, -2.0111, -3.0m and -4.0m
Latest Calibration I November 1995 (in lake)
Vaisala, Inc.
HMP35C
oto 100%
-20 to 600C
±2% at 20"C
0.04 %RH I "C
2.33 meters
May 30,1995
.:i;·.,..i.,I.ii~I·,IMlli·::ii~·i!ii
Fenwal Electronics
UUT5Jl (Thennistor)
-33 to 48"C
-20 to 600C
±O.4"C
2.33 meters
May 30,1995
w
.-. II""""""""""""·""""""'''·'''·''''·' .,.,....".".,."'.,~
Manufacturer LI-Cor Eppley Laboratory R.M. Young Co. I Texas Electronics
Model I LII90SA SNI4929 05103 ~M
0-60 m/sl
Range I .40 to .70 JlI11 I 0.285 to 28 11m I 360 deg Mechanical I increments of O. I mm
355 deg Electrical
Environmental Limits I 0 l5Q, per "C -20 to 40"C Gust Survival 100 m/s Temp: 0 to 500C
-40 to 65"C RH: 0 to 100%
A.ccuracy ±5% at room temp. ±1.5% Threshold = 0.9 m/s 1% @ <5.08 cm/hr
Height Relative to Water Surface 2.33 meters 2.33 meters 2.65 m 10.5 m
Latest Calibration May 19% April 3, 1995 1991 I 1991
Table 3.1: Lacawac Weather Station Instruments
- On Dock
7/01/92 to 12/31/92
1/01/93 to 8/31/93
12/12/93 to 4/09/94
11/28/94 to 5/21/95
11/95 to 6/96
11/03/96 to 12/31/96
Floating Next to Dock
4/10/94 to 5/13/94
10/08/95 to 11/95
At Center of Lake
9/01/93 to
12/11/93
5/14/94 to
11/27/94
5/22/95 to
10/07/95
6/96 to 11/02/96
Table 3.2: Lacawac Weather Station Movement
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FIGURE 3.1 LACAWAC WEATHER srATION
1=WIND MONITOR 2=PAR 3=PYRANOMETER
4=RELATIVE HUMIDITY &AIR TEMP 'SENSOR
5=DATA LOGGER &POWER SUPPLY
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FIGURE 3.1 LACAWAC WEATHER STATION
l=WIND MONITOR 2=PAR 3=PYRANOMETER
4=RELATIVE HUMIDITY & AIR TEMP SENSOR
5=DATA LOGGER & POWER SUPPLY
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FIGURE 3.3 AIR TEMPERATURE. RELATIVE HUMIDITY,
PAR AND PRYANOMETER GAUGES
l=RELATIVE HUMIDITY & AIR TEMP SENSOR
2=PAR 3=PYRANOMETER
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FIGURE 3.4 WIND MONITOR
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4.3.4 Lake Lacawac Mass Transfer Equation
Empirical mass-transfer coefficients at Lake Lacawac have been determined based on
equating four and one-half years of evaporation data from the energy budget method to the
following mass-transfer equations:
(25 )
(26)
where E is evaporation in millimeters per day, U2 is the mean wind speed at 2 meters above
the Lake Lacawac water surface, es is the saturation pressure at Lake Lacawac in millibars,
ea is the vapor pressure of the air at Avoca, N is the mass transfer coefficient and a and +
b are constants solved empirically.
Daily evaporation empirical coefficients were determined to be unreliable for Lake
Lacawac when compared to evaporation from the energy budget method. Therefore, only
a monthly empirical coefficient was determined using Equation (25).
4.4 Penman Combination Method
The combination of both the energy budget and the mass-transfer approaches was first used
by Penman (1948) to develop an equation for estimating evaporation from open water
surfaces. Unlike the evaporation methods previously dis~lIssed, the Penman method does
not require that the surface water temperature or saturated vapor pressure at z=O (the
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water surface) be known, and has proven very useful for evaporation studies when it is
difficult to determine the water surface temperature.
Penman modified the energy balance equation to neglect advected energy and energy
stored by the water body to the following simplified heat equation:
(27)
where ~ is the net radiation term, R h is the sensible heat losses and R e is the energy
utilized by evaporation, previously described in the energy budget method. The values of
~ and Re can be defined by aerodynamic equations such as
(28 )
(29 )
where f(u) , Ts' Ta, t;, and ea have been previously defined and y is the psychometric
constant defined as
P
y=0.389 ~tm (30 )
Patm is the atmospheric pressure in millibars and A. is the latent heat of vaporization in
calories/gram. The temperature, Ta, and vapor pressure, ea, are measured easily, whereas
Ts is difficult to measure.
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If 11 represents the slope of the curve of the saturated vapor pressure plotted against
temperature and it is assumed that the temperature difference Ts - Ta is small then 11 can
be written as follows:
6.= de~ es-ed~ ea-ed
dT Ts-Td Ta-Td
(31 )
where e d is the vapor pressure at the dew point temperature, Td • Substituting 11 into
Equation (29), evaporation can be determined from the energy budget by the following
equation:
6. YE=--R +--E6.+y n 6.+y a (32)
where Ru is the net radiation described in the energy budget method and Ea is the drying
power of air determined from the Penman Aerodynamic Method
Refer to section 4.4.3 for units. Equation (32) is the Penman formula for open water
evaporation and is quite accurate in estimating evaporation for open water surfaces
(McCuen, 1989).
4.5 Priestley-Taylor Method
Priestley and Taylor (1972) analyzed the Penman equation and found that, for evaporation
over large areas, the energy term (~ is about 30% greater than the drying power term
(EJ. Based on this observation, Priestley and Taylor simplified the Penman equation to
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_ 6E-1.3--R6+y n (34 )
where E is the amount of evaporation in millimeters (Maidment, 1993).
4.6 Literature Review
Determining evaporation from the energy budget method requires measurements from
sophisticated, rigorous and expensive equipment. Therefore, mass-transfer equations have
independently been calibrated using results from the energy budget method for various
water bodies throughout the United States yielding satisfactory results for periods of a
week or longer. Once 'IN" in the wind function is determined empirically, evaporation
can be computed on a continual basis for that particular body of water measuring only
wind~speed, water surface temperature, and humidity of the air. A small list of water
bodies studied to determine 'IN" include: Lake Hefner located in Oklahoma (U.S.
Geologic Survey, 1954); Lake Mead located in Colorado (Harbeck et al., 1958); Lake
Colorado City located in Texas (Harbeck et aI., 1959); Lake Michie located in North
Carolina (Turner, 1966); Salton Sea located in California (Hughes, 1967).
To determine the mass-transfer coefficient, 'IN", for a particular body of water, a relation
between evaporation from the energy-budget method and the product u(es - eo) must be
determined. The slope of this relation is the mass-transfer coefficient, N, for the body of
water studied. To determine this relationship, sophisticated weather stations are placed at
the water body of interest to record various parameters of meteorological data for one to
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two years. Evaporation is then determined from the energy budget or water budget
method for periods of 10 to 30 days, between thermal surveys. A correlation between
evaporation from the energy-budget method and the product u(es - eaJ is then determined
yielding a mass transfer coefficient, N for each lake.
Analysis of these results show that mass-transfer coefficients for periods of 10 days to 30
days vary for different bodies of water while others correlate well with one another. Lake
Hefner and Lake Mead have values of N=0.012 and 0.0118, respectively (Harbeck, 1958)
while Lake Colorado City, Lake Michie and Salton Sea have values of N=0.00251,
0.0036, 0.00156, respectively. Other investigations have been studied by Meyers (1944),
Penman (1948), Harbeck and Meyers (1970) on bodies of water and relate the mass-
transfer coefficient, N, to the size of the lake, the roughness of the water, barometric
pressure, variation of wind speed with height or density and kinematic viscosity of the air.
Nearly all the mass-transfer equations found in the literature have one thing in common:
evaporation is considered to be proportional to the product of the wind speed, u, and the
vapor pressure difference, es - ea'
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CHAPTER FIVE: DATA CORRELATION
5.1 Data Analysis
The data obtained at Lake Lacawac during the period July 1992 to December 1996
provides a basis for comparison between climatic conditions at Lake Lacawac and the
Avoca weather station. Relationships between meteorological weather data at these
weather stations have been determined for air temperature, wind speed, percent of
possible sunshine hours, short-wave solar radiation and relative humidity. These
relationships were used to determine missing or inaccurate data at each of the weather
. stations. The data analysis was performed using common graphical techniques and
regression analyses. The linear regression model used for the data analysis is y= a+{lx.
The Avoca weather station located at the Wilkes-Barre Scranton Airport is a National
Weather Service Station and has data published in the Local Climatological Data Summary
by the U.S. Department of Commerce. For this study average air temperature, average
dew point temperature, precipitation, atmospheric pressure, wind speed and sunshine data
were calibrated or used to calibrate other data at the Lacawac Weather Station.
5.2 Data Evaluation
The results of the climatological parameters between the Lacawac and Avoca weather
stations are summarized in Tables 5.1 to 5.7. The correlation coefficient, R2, is a measure
of the degree of linear interrelationship between two variables and varies from -1 to +1.
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A correlation of ±1 indicates a perfect positive or negative linear correlation and a
correlation of 0 indicates no correlation exists between the two variables. The standard
variance, Se, is the standard error of the estimated variable about the regression line.
5.2.1 AJrTeEnperature
Air temperature at Lake Lacawac is approximately 1.4 degrees Celsius lower than that of
Avoca. The average annual temperature at Lake Lacawac is 8.4 degrees Celsius and 9.8
degrees Celsius at Avoca. Temperatures vary on average from -5 degrees Celsius in the
winter to 23 degrees Celsius in the summer during this study. The average monthly
variation in air temperature is shown in Figure 5.1a and 5.1b.
The regression analysis of Lake Lacawac and Avoca data on daily average air temperature
compiled during July 1992 through December 1996 correlate very well with each other and
can be determined from the following equation:
LLAT=O.988AAT-l.391 (35 )
where LLAT is the daily average Lake Lacawac Air Temperature in degrees Celsius and
AAT is the daily average Avoca Air Temperature in degrees Celsius and has a correlation
of 0.986 and a standard deviation of 1.213. This near linear correlation suggests a near
one to one air temper~ture relationship and is therefore an accurate measure in predicting
air temperature at Lake Lacawac. All missing or inaccurate air temperature data was
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interpolated using the above equation. A more detailed regression analysis was also
conducted for each of the months but showed that the accuracy and predictability between
the two stations decreased slightly from the daily air temperature equation, Table 5.1.
5.2.2 VVbmdSpeed
In order to correlate and relate wind speed at each of the weather stations, wind data from
Avoca was adjusted to the same elevation as Lake Lacawac and was done so by using the
one-seventh power law equation
U -u (Z2.75) 1/72.75- 10 --
Z10
(36)
where U2,75 is the adjusted mean Avoca wind speed at 2.75 meters above the earth's
surface, UlO is the mean wind speed at 10 meters above the earth's surface at Avoca, PA,
ZlO is the elevation of the anemometer at Avoca, PA (10 meters) and ~,75 is the elevation
of the anemometer at Lake Lacawac (2.75 meters).
Wind speeds measured at the 2.75 meter level at Lake Lacawac averaged 1.75 meters per
second while at Avoca averaged 3.0 meters per second during the 41h year period of
observation. The relative frequency of occurrence of various wind speeds is illustrated in
Figure 5.2. Mean wind speeds at Lake Lacawac were in the range 1 to 2 meters per
second 47 percent of the time and were less than 1 meter per second 21 percent of the time
and greater than·2 meters per second 32 percent of the time. The monthly average wind
speeds at Lake Lacawac and Avoca are shown in Figures 5.3a and 5.3b. From these
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figures it can be observed that strong winds predominate during the winter months while
the spring and autumn months are milder and the summer months have the calmest winds.
The wind speed at Lacawac is approximately sixty-two percent less than that at Avoca and
may be attributed to the heavily wooded environment surrounding Lake Lacawac in
comparison to the unsheltered Avoca station. Also, the anemometer at Lake Lacawac is
located near the shoreline during the colder months, a more sheltered area.
The regression analysis of wind speed between the two weather stations indicates a poor
correlation of the daily mean wind speed. The daily mean wind speed regression equation
for the two weather station is:
LLWS=O.626AWS-O.024 (37)
where LLWS is the daily average wind speed at Lake Lacawac at 2.75 meters in meters
per second and AWS is the daily average Avoca Wind Speed in meters per second at an
elevation of 2.75 meters. The wind speeds between the two weather stations have a
correlation of 0.470 and a standard error of 0.669. Monthly regression analysis were also
conducted to determine whether or not a more accurate and predictable equation could be
used to determine wind speed at the two stations and is summarized in Table 5.2.
5.2.3 Vapor Pressure and Relative Humidity
As expected the relative humidity at Lake Lacawac (measured over a body of water) is
greater, approximately 12% higher on average, than the relative humidity at Avoca
58
(measured over land). The average annual relative humidity at Lake Lacawac is 76.2%
while relative humidity at Avoca is only 67.5% on average. Relative humidity is greatest,
on average, in September and smallest in April for both weather stations and varies from
68% to 84%at Lake Lacawac and 61 % to 75% at Avoca. The average monthly relative
humidity can be seen in Figures 5.4a and 5.4b.
The monthly average vapor pressures can be observed in Figures 5.5a and 5.5b. The
vapor pressure difference or saturation deficit between the saturation vapor pressure at
Lake Lacawac and the vapor pressure of the air at Avoca is greatest in the summer months
and least in the winter months. The monthly average from April to October is 9.8
millibars with the greatest deficit (11.50 millibars on average) occurring in August and the
mildest in April (3.05 millibars).
A regression analysis was performed for daily average relative humidity for the July 1992
to December 1996 time period at Lake Lacawac and Avoca. The analysis indicated that
the Lake measurements are approximately twelve percent greater in relation to the Avoca
measurements and are not well correlated. From the linear regression analysis the relative
humidity can be determined from the following equation:
LLRH=O.854ARH+18.807 (38)
where LLRH is the daily average Lake Lacawac Relative Humidity in percent and ARH
is the daily average Avoca Relative Humidity in percent. A correlation of 0.758 with a
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standard error of 6.64% exists between the two weather stations for this study. A reason
for this poor correlation may be attributed to the fact that LLRH is measured over a body
of water and ARH is measured over land. Monthly daily average relative humidity
regression analysis were also conducted and can be seen in Table 5.3.
5.2.4 Precipitation
5.2.4a Daily Total Precipitation Relationship
Normal annual precipitation at Lake Lacawac is approximately 1010 millimeters or 40
inches and precipitation at Avoca is approximately 987 millimeters or 39 inches. Rainfall
at the two weather stations is usually greatest during April and the autumn months. Of the
total annual precipitation, 643 millimeters (25.3 inches), or 63 %, usually falls in April
through October at Lake Lacawac. The average monthly precipitation can be seen in
Figures 5.6a and 5.6b.
The regression analysis of daily total precipitation indicates that the Lacawac precipitation
values are not that well correlated. The relationship between the two stations for the
months of April through October can be determined by the following equation:
LLP=O.894AP+O.473 (39 )
(
where LLP is Lake Lacawac Precipitation in millimeters and AP is Avoca Precipitation
in millimeters. A correlation of 0.748 and a standard error of 4.07 mm exists. This poor
daily correlation is not startling for several reasons: (1) the central part of a storm, moving
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in a northerly or southerly direction, may be located at one of the weather stations while
the edge of the storm may be located at the other weather station resulting in different
amounts of precipitation (2) precipitation may occur at one weather station one day and
the other weather station the next day (lag-time effect) and (3) a storm may lose its power
as it travels from one station to the next producing various amounts of precipitation. Refer
to Table 5.4 for monthly and daily correlations.
5.2.4b Cumulative Total Precipitation Relationship
The cumulative rainfall relationship at Lake Lacawac and Avoca was examined from July
1992 to December 1996 to determine if a geographical relationship between the two
stations exist. The cumulative mass curve for each station correlates well with the other
and has a correlation of 0.997 with a standard error of 63.44 mm of rainfall. Lake
Lacawac receives slightly more precipitation than Avoca and can be determined from the
following equation:
LLP=1.020AP-71.670 (40 )
where LLP is Lake Lacawac Precipitation in millimeters and AP is the Avoca Precipitation
in millimeters.
5.2.5 Daily Average Solar Radiation vs Sunshine
Daily average shortwave solar radiation (PYR) at Lake Lacawac is at a maximum in June
when the angle of incidence is greatest and is minimum in December when the angle of
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incidence is smallest at Lake Lacawac. The maximum daily solar radiation is
approximately 240 watts per square meter and the minimum daily solar radiation is 47
watts per square meter (Solar Constant= 1353 W1m2). Daily sunshine at Avoca is at a
maximum during the summer months and a minimum during the winter months. On
average, the monthly amount of sunshine over the possible amount of sunshine (n/N)
varies from 31 %to 72%. The average monthly values of solar radiation and sunshine are
shown in Figures 5.7a and 5.7b.
Daily average incoming solar radiation (PYR) at Lake Lacawac and the amount of daily
sunshine (AS) at Avoca were correlated for July 1992 io December 1996 and ffiOD.thly for
that time period. A stronger correlation exists between the monthly correlations than the
daily correlations. This stronger correlation may be attributed to the solar altitude of the
sun as it varies monthly. The correlation for monthly regression analysis can be seen in
Table 5.5 and the regression analysis from July 1992 to December 1996 can be determined
as follows:
PYR=2.285AS+22.317 (41 )
where PYR is the Pyranometer measurement at Lake Lacawac in W1m2 and AS is the
Avoca Sunshine in percent. The correlation coefficient is 0.68 and the standard error is
53.7%.
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5.2.6 Daily Average Solar Radiation Relationship
A regression analysis between incoming short-wave radiation (PYR) and photosynthetic
active radiation (PAR) at Lake Lacawac was also performed. Two (2) solar radiation
devices at Lacawac measuring incoming solar radiation at different wavelengths have a
strong correlation with one another. The correlation from July 1992 to December 1996
is 0.98 with a standard error of 13.44 W/m2 and can be approximated by the following
equation:
PYR=O.588PAR+2.279 (42 )
where PYR is the incoming short-wave radiation in W1m2 and PAR is the photosynthetic
active radiation in jLE/m2-sec. Monthly correlations, sometimes yielding better
relationships, were also performed and can be observed in Table 5.6. A correlation from
1992 to 1995 was also performed to determine if the recalibrated PAR had an impact in
the 1992 to 1996 correlation. As a result, a stronger daily correlation is observed from
July 1992 to December 1995 and can be determined from the following equation:
PYR=O.574PAR+O.373 (43 )
where PYR and PAR are defined above. The correlation coefficient, RZ, is 0.99 and the
standard error is 7.901 W/m2• Monthly regression analyses were also conducted and are
summarized in Table 5.7.
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5.2.7 Air and Water Surface Temperature
The average monthly variations in air and water-surface temperatures at Lake Lacawac is
illustrated in Figures 5.8a and 5.8b. A seasonal lag is somewhat apparent in April during
spring turnover, but since most of the surface water temperature during the winter months
of 1992 to 1996 are inaccurate (faulty thermistor) it is difficult to determine when fall
turnover occurs and therefore is not compared. Surface water temperature for the time
period April-October is greatest on average in July at 24.6 degrees Celsius and minimum
in April at 7.5 degrees Celsius (ice cover= O°C). In the beginning of April, heat is being
transferred from the atmosphere to the lake as the air temperature above the lake is greater
while in mid-April to October when the water temperature is greater than the air
temperature heat is given off from the lake and water is evaporated into the atmosphere.
5.3 CE-THERM-Rl
The United States Army Corps of Engineers' program CE-THERM-Rl is a one-
dimensional water quality model used to predict water temperature profiles (U.S. Army
Corps of Engineers, 1986). This model analyzes water temperature, total dissolved solids
and suspended solid components oflakes and reservoirs (Spiess, 1993). Wind function
and light attenuation coefficients are estimated in the model study to yield accurate
temperature profiles. Thermal temperature profiles have been predicted from the
conservation of thermal energy and compared to monthly field measured profiles at Lake
Lacawac by Spiess (1993) and Krallis (personal communication).
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Daily surface water temperatures measured by the Lake Lacawac weather station are
inaccurate for 1994 and 1995 due to a faulty thermistor. As a result CE-THERM-Rl was
used to determine surface water temperatures for this study when accurate measurements
of water temperature are not available. Predicted surface water temperatures closely
matched the measured semi-monthly surface water temperatures to within ±one (1) degree
Celsius on average and was therefore considered to be an accurate method of determining
the water surface temperature.
65
Time Alpha Beta R2 Se (DC)
Daily -1.391 0.988 0.986 1.213
January -1.518 0.981 0.945 1.529
February -1.710 0.991 0.951 1.367
March -1.374 0.920 0.948 1.222
April -1.577 0.965 0.940 1.266
May -1.054 0.969 0.912 1.249
June 0.136 0.921 0.890 1.084
July 1.544 0.854 0.878 0.942
August 1.370 0.860 0.875 0.951
September -0.079 0.926 0.934 0.980
October -0.977 0.990 0.912 1.191
November -1.150 0.980 0.948 1.281
December -1.488 0.997 0.949 1.118
Table 5.1: Air Temperature Relationship between Lake Lacawac and Avoca
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Time Alpha Beta R2 Se (m1s)
Daily -0.024 0.626 0.470 0.669
January 0.093 0.542 0.459 0.686
February -0.799 0.849 0.715 0.658
March -0.416 0.709 0.594 0.761
April -0.263 0.649 0.333 0.824
May -0.058 0.654 0.486 0.591
June 0.551 0.464 0.276 0.547
July 0.458 0.438 0.229 0.545
August 0.366 0.430 0.279 0.479
September 0.266 0.560 0.339 0.572
October 0.077 0.626 0.366 0.684
November 0.068 0.611 0.454 0.745
December -0.487 0.799 0.628 0.743
Table 5.2: Wind Speed Relationship between Lake Lacawac and Avoca
67
Time Alpha Beta R2 Se (%)
Daily 18.807 0.854 0.758 6.642
January 23.553 0.792 0.677 7.225
February 12.622 0.927 0.770 7.231
March 4.325 1.029 0.783 8.713
April 18.759 0.842 0.795 7.606
May 18.966 0.82 0.760 6.902
June 20.949 0.824 0.708 5.884
July 24.605 0.791 0.722 4.959
August 22.857 0.824 0.800 4.357
September 29.129 0.732 0.779 4.479
October 16.731 0.867 0.712 6.373
November 25.625 0.761 0.755 6.227
December 28.405 0.728 0.629 7.611
Table 5.3: Relative Humidity Relationship between Lake Lacawac and Avoca
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Time Alpha Beta R2 Se (mm)
Daily 0.382 0.886 0.697 4.222
April to Nov. 0.473 0.894 0.748 4.074
January 0.347 1.111 0.605 6.357
February 0.375 0.415 0.132 2.496
March 0.884 0.488 0.357 3.251
April 0.506 0.879 0.816 3.449
May 0.623 0.642 0.534 2.799
June 0.729 0.986 0.367 5.364
July 0.660 0.856 0.679 4.256
August 0.475 0.724 0.496 4.378
September 0.589 0.803 0.680 4.178
October 0.528 0.939 0.928 2.972
November 0.363 1.024 0.860 4.091
December 0.609 0.704 0.526 3.762
Table 5.4: Precipitation Relationship between Lake Lacawac and Avoca
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Time Alpha Beta R2 Se (W/m2)
Daily 22.317 2.285 0.682 53.739
January 29.218 0.839 0.745 16.031
February 44.930 1.245 0.766 23.812
March 31.438 2.035 0.782 36.903
April 19.248 2.710 0.914 28.664
May 15.229 3.074 0.896 31.827
June 16.457 3.196 0.777 39.035
July 15.741 2.975 0.766 37.528
August 27.632 2.492 0.823 30.826
September 29.218 2.054 0.821 30.043
October 31.526 1.547 0.890 20.791
November 31.457 1.019 0.728 20.835
December 29.080 0.635 0.698 13.432
Table 5.5: Relationship between Solar Radiation at Lake Lacawac and
Sunshine at Avoca
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Time Alpha Beta R2 Se (W/m2)
Daily 2.279 0.588 0.980 13.444
January -5.928 0.666 0.982 4.230
February -3.994 0.651 0.984 6.256
March -9.417 0.654 0.977 12.102
April -3.972 0.613 0.984 11.273
May 0.913 0.587 0.980 13.899
June 2.402 0.581 0.970 14.995
July 4.277 0.572 0.942 19.653
August 3.143 0.585 0.941 7.344
September 1.175 0.593 0.968 12.842
October -0.759 0.618 0.967 11.932
November -1.619 0.632 0.980 5.392
December -3.164 0.646 0.977 3.645
Table 5.6: Solar Radiation Relationship at Lake Lacawac, July 1992 to
December 1996
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Time Alpha Beta R2 Se (W/m2)
Daily 0.373 0.574 0.993 7.901
January -7.486 0.669 0.981 4.471
February -10.185 0.657 0.995 3.476
March -11.852 0.626 0.995 5.392
April -8.506 0.608 0.997 5.283
May -5.702 0.588 0.996 6.014
June -4.185 0.581 0.994 6.190
July -3.621 0.572 0.990 7.868
August -6.301 0.589 0.993 5.971
September -3.890 0.593 0.994 5.460
October -3.607 0.608 0.995 4.652
November -2.969 0.627 0.991 3.727
December -5.076 0.662 0.979 3.486
Table 5.7: Solar Radiation Relationship at Lake Lacawac, July 1992 to
December 1995
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CHAPTER 6: RESULTS
6.1 Introduction
Evaporation at Lake Lacawac was calculated from July, 1992 to October, 1996 (called
study period hereafter) for periods of one (daily), ten, and thirty (monthly) days from the
months of April to October using the following methods:
• Energy-Budget Method
• Priestley-Taylor Method
• Harbeck Method
• Meyer Method
• Penman Aerodynamic Method
• Penman Combination Method
Also, an empirical mass-transfer equation, based on evaporation from the energy budget
method, was determined for Lake Lacawac; an evaporation equation was determined from
the incoming short-wave solar radiation measured at the Lacawac weather station; and
evaporation was calculated for the study period using Avoca wind speeds for the Harbeck,
Meyer and Penman Aerodynamic mass-transfer methods.
For this study, ice-out is said to occur when the water surface temperature of the lake rises
above OoC and when ice is no longer visually observed on the water surface of Lake
Lacawac. Ice-out occurred on April 10, 1993, April 13, 1994, the week of March 13,
1995 and the end of March 1996. Therefore, evaporation calculations were not performed
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in April of 1993 and 1994 until ice-out occurred at Lake Lacawac. Negative values of
evaporation (condensation) determined on a daily basis are not included in the daily,
monthly or "period" totals and were assumed to be zero. Monthly totals of evaporation,
from April to October, at Lake Lacawac, determined from the methods listed above, are
shown in Figures 6.1a to 6.lf. Evaporation from April to October at Lake Lacawac based
on daily, 10 day, and 30 day average climatological data is shown in Tables 6.1a to 6.1c
and Figures 6.2a to 6.2c. Table 6.2 shows mean monthly and maximum daily evaporation
at Lake Lacawac.
6.2 Factors Affecting Evaporation
6.2.1 Net Radiation
Net radiation at Lake Lacawac was determined from measured incoming shortwave solar
radiation and equations which account for long-wave atmospheric radiation [Equation
(13)], reflected short-wave and long-wave radiation [Equations (12) and (15)], and upward
(back) long-wave radiation [Equation (16)]. Daily net radiation is dependant on
atmospheric conditions and air and water temperature. For the study period, daily net
radiation varies from -37 to 526 Langleys/day and has an average of 215 Langleys/day;
monthly averages of net radiation vary from 90 Langleys/day in October to 305
Langleys/day in June; April to October averages of net radiation vary from 212
Langleys/day in 1996 to 230 Langleys/day in 1994. In general, monthly average net
radiation increases from April to June, decreases slightly in July and sharply from July to
October, as the angle of incidence of the sun's rays decreases (Figure 6.3). The net
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radiation, a strong function of the incoming solar radiation (Figure 6.4), is minimum in
October and maximum in June and July. Average monthly net radiation was observed to
be greatest in June of 1993 (341 Langleys/day) and smallest in October of 1992 (77
Langleys/day). On an annual basis, net radiation averaged approximately 300
Langleys/day for the months of June and July, from 1994 to 1996.
Net radiation (a function of the solar angle and altitude of sun) is observed to be lower on
cloudy days and higher on clear days. In July of 1992, the net radiation is approximately
24% less than July, 1993,22% less than July of 1994 and 1995 and 15% less than July,
1996; similarly, the amount of sunshine recorded at Avoca in July of 1992 is
approximately 16% less than July, 1993, 10% less than July of 1994 and 1995 and 7% less
than July, 1996. Thus, as cloud cover increases, net radiation decreases or when the daily
amount of sunshine is high (according to Avoca data), the net radiation is high, too.
6.2.2 1reEmperature
Daily average air temperature for the study period at Lake Lacawac varies from -5.75 °C
to 30.5 °C and has an average of 15.7 °C; average monthly air temperature is observed to
be lowest in April, averaging 8.75 °C, and greatest in July,averaging 21°C; air temperature
averaged 15.75°C for the years 1993, 1994 and 1995 and averaged 15.aoC for 1996. In
general, monthly average air temperatures increase from April to July and decrease from
July to October (Figure 6.5).
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Water temperature is similar in comparison to air temperature at Lake Lacawac.
However, the monthly average water temperature is greater than the monthly average air
temperature at Lake Lacawac for the months of May through October. For the study
period, daily near-surface water temperature varies from 3.5 to 28.6 °c and has an
average of 18.8 DC; monthly averages of near-surface water temperature vary from 8.7 °c
in April to 24.6 °c in July to 12.8°C in October; and April to October averages of near-
surface water temperature vary from 18.0 oC in 1995 to 18.8°C in 1994. From Figure
6.6, monthly average water temperatures increase from April to July and decrease from
July to August.
6.2.3 Relative Humidity/Vapor Pressure Deficit
As discussed in Chapter 2, the vapor pressure deficit is a function of air temperature,
water temperature, and relative humidity. Daily average relative humidity, for the study
period, at Lake Lacawac varies from 36% to 99.99% and has an average value of 77%;
average monthly relative humidity is observed to be lowest in April, averaging 66.5 %, and
greatest in September, averaging 83.7%; average April to October relative humidity varies
from 71.8% in 1995 to 78.9% in 1994. From Figure 6.7, it can be seen that relative
humidity increases from April to September and decreases from September to October.
The vapor pressure deficit at Lake Lacawac follows the same trend as the air and water
temperature yielding the largest values in July and the smallest values in April (Figure
6.8). For the study period, the daily vapor pressure deficit varies from -11.9 millibars to
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19.1 millibars and has an average of 8.25 millibars; monthly averages of the vapor
pressure deficit vary from 3.80 millibars in April to 11.10 millibars in July to 5.25
millibars in October; and April to October averages of vapor pressure deficit vary from
7.8 millibars in 1994 to 8.6 millibars in 1996. From Figure 6.8, the monthly average
vapor pressure deficit increases from April to July, decreases slightly in July, and then
decreases rapidly from August to October.
6.2.4 Wind Speed
The daily mean wind speed at Lake Lacawac does not vary significantly for the study
period and has a maximum value of 5 meters/second, a minimum value of 0.4
meters/second and an average value of 1.70 meters per second. For the study period,
average maximum monthly wind speeds occurred in April, averaging 2.0 meters/second,
while minimum average monthly wind speeds are observed in August, averaging 1.4
meters/second; average April to October wind speeds were lowest in 1993, 1.7 meters per
second, and highest in 1994 and 1996, 1.8 meters per second. Wind speeds were larger
during the cooler months and smaller during the warmer months as can be seen in Figure
6.9.
6.2.5 Atmospheric Pressure
The average annospheric pressure at Lake Lacawac (elevation 439 meters above mean sea
level based on NGVD 1929 datum), according to Equation (7), is 966.69 millibars. For
the study period, atmospheric pressure at Lake Lacawac, determined from Avoca data,
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varies from 948 to 996 millibars and has an average of 964 millibars; monthly averages
of atmospheric pressure vary from 961.3 millibars in April to 965.8 millibars in August;
and April to October averages of atmospheric pressure vary from 963 millibars in 1996
to 964.2 millibars in 1994. In general, the monthly atmospheric pressure, for the study
period, increases from April to August and stabilizes from August to October, Figure
6.10.
6.2.6 Rainfall
Monthly rainfall at Lake Lacawac is highly variable as can be seen in Figure 6. 11. During
the study period, the maximum precipitation event for one day was 83.3 millimeters (3.3
inches) and occurred on October 21, 1995. The annual rainfall for the study period was
624 millimeters (24.6 inches). May and August produced the smallest average amounts
of rainfall, 58 millimeters (2.3 inches) and 71 millimeters (2.8 inches), respectively, and
September and October yielded the largest average annual rainfall amounts of 106 (4.2
inches) and 116 millimeters (4.6 inches), respectively. Rainfall was greatest in 1996 with
31.3 inches (795 millimeters) and smallest in 1993 with 19.6 inches (498 millimeters).
6.2.7 Bowen Ratio
The Bowen ratio is a function of the air and water surface temperature and vapor pressure
deficit in the vertical direction, see Equation (18). From the data collected at Lake
Lacawac, the Bowen ratio was computed daily and averaged over periods of ten and thirty
(monthly) days. Air temperature, water temperature and the vapor pressure deficit over
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the length of period under consideration was also averaged. The Bowen ratios for daily,
10 day and 30 day periods are plotted in Figures 6.12a to 6.12c. For the study period, the
daily Bowen ratio varies from -7.50 to 11.70 with an average ratio of 0.24, the ten (10)
day average Bowen ratio averaged 0.20 over the study period and varies from -1.9 to 0.60
and the thirty (30) day average Bowen ratio is 0.25 varying from -0.35 to 0.60. It can be,
observed that, as the length of the period increases, the range of the average Bowen ratio
becomes smaller. From Figures 6.12a to 6.12c, the Bowen ratio increases from April to
May, decreases slightly from May to June, increases from June to September, and then
decreases in value from September to October.
In the energy-budget equation, Bowen ratios having a value·of -1.00 yield an evaporation
rate that is indeterminate; ratios less than -1.00 indicates condensation rather than
evaporation; and values greater than -1.00 provide positive values of evaporation. Daily
Bowen ratios less than -1.00 occurred on 20 days (956 days during study period)·during
the study period and positive ratios greater than +1.00 on 23 days. All of these extreme
values occurred during the months of April and May when the vapor pressure deficit and
air pressure is low and the air temperature is greater than the surface water temperature.
These extreme Bowen ratios also occurred in September and October when the vapor
pressure deficit is low and the air pressure is high and the surface water temperature is
warmer than the air temperature on average. Small errors in evaluating the vapor pressure
deficit become very important during the months of April, May, September and October
since these small differences may reflect a large change in the Bowen ratio. Thus, a small
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vapor pressure deficit may reflect large changes in evaporation and Bowen ratios near
-1.00 or large positive or negative values may be in considerable error. However, the
daily Bowen ratio only attained these extreme values 5% of the time and were during
periods of low evaporation or condensation (Figure 6.13). During periods of high
evaporation, the daily Bowen ratio was small, and errors in the Bowen ratio were
considered to be insignificant in daily evaporation.
For periods of 10 days, the extreme Bowen ratios only occurred once (April 1993) and for
periods of 30 days the extreme values did not occur. Therefore, the extreme Bowen ratio
values do not appear to greatly affect the accuracy of the computed evaporation.
According to the Lake Hefner studies (Harbeck, 1969), the use of the Bowen ratio is valid
in the energy budget and gives consistent results except when the deficit is small.
6.3 Radiation Methods
6.3.1 Energy Budget Method
The energy budget method is based on the conservation of energy; for Lake Lacawac, the
evaporation calculated from the energy budget is primarily a function of the net radiation
and Bowen ratio. Evaporation from 1993 to 1996 for the months April to October
assuming no advection or change in energy storage averaged 26 inches (660 mm) using the
daily Bowen ratio, 26.5 inches (673 rom) with the 10 day average Bowen ratio, and 25.6
inches (650 mm) utilizing the 30 day average Bowen ratio. For the study period, daily
evaporation using a daily Bowen ratio varies from 0 to 0.6 inches (15.2 mm) and has an
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average daily value of 0.12 inches (3.05 mm); average monthly evaporation varies from
2.6 inches (66 mm) in April to 5.5 inches (140 mm) in July to 1.5 inches (38 mm) in
October; and April to October averages of evaporation vary from 24.5 inches (622 mm)
in 1996 to 28.90 inches (734 mm) in 1995. For all three (3) variable Bowen ratios,
October yields the smallest amount of evaporation 1.55 inches (25.4 mm) on average, and
July yields the greatest amount of evaporation for the daily and 10 day Bowen ratio, 5.35
inches (136 mm), and June produces the largest amount of evaporation for the 30 day
Bowen ratio, 5.15 inches (131 mm). From Figures 6.14a and 6.14b, the monthly average
daily evaporation increases from April to July and then decreases rapidly from August to
October.
Daily evaporation increases as the net radiation increases, which is governed by the sun's
latitude, sky cloud cover, atmospheric conditions and the amount of sunshine hours.
When net radiation is high and the Bowen ratio is small, evaporation is greatest (June and
July); when the Bowen ratio is large and net radiation is small, evaporation is smallest
(September and October). Evaporation was greatest in 1995, 28.9 inches (734 mm), and
averaged approximately 25.0 inches (635 mm) for 1993, 1994 and 1996. The average
April to October net radiation in 1995 does not vary significantly from 1993, 1994 and
1996, however, the average April to October daily Bowen ratio is approximately 30% less
than 1993, 1994 and 1996 leading to higher evaporation rates (Figure 6.14a). This
significant reduction in the Bowen ratio may be attributed to ice-out and occurred in mid-
March of 1995, mid-April in 1993 and 1994, and late March in 1996. Therefore, in 1995,
89
Lake Lacawac was heating up in early April and for 1993, 1994 and 1996 the Lake did not
begin to heat up until mid to late April. Refer to Tables 6.1b to 6.1c and Figures 6.2b to
6.2c for evaporation summaries of 10 day, monthly and yearly average evaporation.
Evaporation from 1994 for the months April to October assuming a change in energy
storage and no advection averaged 24.65 inches (626 nun) using the daily Bowen ratio,
25.6 inches (650 nun) with the 10 day average Bowen ratio, and 24.85 inches (632 mm)
utilizing the 30 day average Bowen ratio. For 1994, daily evaporation using a daily
Bowen ratio varies from 0 to 0.42 inches (10.7 nun) and has an average daily value of
0.125 inches (3.2 mm); average monthly evaporation varies from 2.1 inches (79 mm) in
April to 5.2 inches (132 mm) in June and July to 1.6 inches (40 nun) in October. Changes
in energy storage, Rw, are small, approximately three orders of magnitude, relative to the
energy used by evaporation and daily evaporation rates are mildly affected by this change
(Table 6J). Therefore, the assumption that the change in energy storage is negligible or
zero is a good one for Lake Lacawac.
6.3.2 Priestley-Taylor Method
The Priestley-Taylor method, based on the Penman method, is a function of, a, the slope
of the saturated vapor pressure curve at air temperature, y, the psychometric constant in
the Bowen ratio and ~, the net radiation. For the study period, the daily average delta,
a, at Lake Lacawac varies from 0.30 mb/DC to 2.5 mb/DC with an average of 1.2 mb/DC;
monthly averages of delta, a, vary from 0.77 mb/DC in April to 1.55 mb/DC in July; and
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April to October averages of delta, !l, vary from 1.13 mb/DC in 1996 to 1.19 mb/DC in
1995. In general, delta, !l, for the study period, increases from April to July and
decreases from July to October, Figure 6.15.
For the study period, gamma, y, varies from 0.62 to 0.66 mb/DC and has an average of
0.64 mb/DC; monthly averages of gamma, y, vary from 0.63 mb/DC in April, May and
October to 0.64 mb/DC in June, July, August and September; all April to October averages
of gamma, y, are 0.64 mb/ DC. In general, gamma, y, does not change significantly
throughout the course of the study, but is lower during the colder months, Figure 6.16.
Delta, !l, and gamma, y, both show similar trends when compared to the net radiation
term. All of these terms increase in value from April to July and decrease in value or
remain constant from July to October. Therefore, all three of these terms are greatest in
the warmer months and smallest in the colder months.
Evaporation calculated by the Priestley-Taylor Method at Lake Lacawac averaged 26.4
inches (670 mm) for the study period. Daily evaporation for this time period varies from
o to 0.36 inches (9.2 mm) and has an average daily value of 0.12 inches (3.10 mm);
average monthly evaporation varies from 2.5 inches (63.5 mm) in April to 5.75 inches
(146 mm) in July to 1.5 inches (38 mm) in October; and April to October averages of
evaporation vary from 25.65 inches (652 mm) in 1996 to 27.30 inches (693 mm) in 1995.
Evaporation results by the Priestley-Taylor method are similar in comparison to the energy
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budget method because calculated evaporation was greatest in 1995 and smallest in 1996.
Also, monthly averages and April to October totals were very similar, Figure 6.17 and
Table 6.1a. Large daily amounts of evaporation occurred at Lake Lacawac when the net
radiation was high and delta, b., and gamma, y, were also high.
From Figure 6.17, the average amount of monthly evaporation increased each year from
April to July and decreased from July to October. Thus, based on the Priestley-Taylor
method, evaporation is greatest when the net radiation, slope of the saturated vapor
pressure curve at the air temperature, b., and the psychometric constant, y, are greatest
and vice-versa. Refer to Tables 6.1b to 6.1c and Figures 6.2b to 6.2c for evaporation
summaries of 10 day, monthly and yearly average evaporation.
6.4 Mass Transfer Methods
The mass transfer method relates the exchange of water vapor between a water surface and
the atmosphere. This study shows that certain mass-transfer equations give results of
acceptable accuracy compared with the radiation methods while others do not prove
satisfactory for use at Lake Lacawac.
6.4.1 Harbeck Method
The Harbeck method consistently underestimates the amount of evaporation at Lake
Lacawac when compared to the radiation methods. The average evaporation at Lake
Lacawac for the study period by the Harbeck method is 17.9 inches (455 mm). For the
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study period, daily evaporation varies from °to 0.5 inches (12.6 mm) and has an average
daily value of 0.08 inches (2.10 mm); average monthly evaporation varies from 1.2 inches
(30.5 mm) in April to 3.5 inches (89 mm) in July to 1.7 inches (43 mm) in October; and
April to October averages of evaporation vary from 16.8 inches (427 mm) in 1993 to
19.30 inches (490 mm) in 1996. In general, evaporation from the Harbeck method shows
an increase in evaporation from April to July and a decrease in evaporation from July to
October (Figure 6.18).
Evaporation was greatest in 1996 when the wind speed and vapor pressure deficit were
greatest and smallest in 1993 when the wind speed was smallest and the vapor pressure
deficit was small. June and July produced the greatest daily evaporation averaging 2.75
to 2.65 millimeters per day while April yielded the smallest amount of daily evaporation
averaging 1.10 millimeters per day. Daily evaporation, for the study period, was greatest
when the vapor pressure deficit and wind speed was greatest. Since the mean wind speed
at Lake Lacawac does not vary significantly throughout the year, 1 to 2 meters per second,
evaporation is greatest when the vapor pressure deficit is greatest (July and August) and
Vice-versa.
The mass-transfer coefficient for the Harbeck method is 0.1575 and is based on Lake
Lacawac's surface area, 214,000 m2. Evaporation can be as high as 30% when using the
Harbeck method and even greater if the surface area is less than 400,000 m2 (Singh,
1992). When compared to the energy budget and Priestley-Taylor method evaporation
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computed by the Harbeck method is approximately 30% less. Based on these findings, the
Harbeck method appears to consistently under estimate evaporation at Lake Lacawac.
Refer to Tables 6.1b to 6.1c and Figures 6.2b to 6.2c for evaporation summaries of 10
day, monthly and yearly average evaporation.
For the study period, evaporation at Lake Lacawac was also determined with the Harbeck
method using the adjusted wind speed data at Avoca (Table 6.4). Adjusted daily wind
speed at a height of 2 meters above the earth's surface at Avoca is approximately 61 %
greater on average than at Lake Lacawac. This increase in daily average wind speed
yielded values of evaporation 35 % greater, on average, than Lacawac wind speed from
April to October. The average evaporation at Lake Lacawac, using Avoca wind speed,
for the study period is 27.8 inches (706 mm). For the study period, daily evaporation
varies from 0 to 0.44 inches (11.3 mm) and has an average daily value of 0.13 inches
(3.40 mm); average monthly evaporation varies from 1.9 inches (48 mm) in April to 5.5
inches (140 mm) in July to 2.5 inches (64 mm) in October; and April to October averages
of evaporation vary from 30.5 inches (775 mm) in 1993 and 1995 to 23.40 inches (595
mm) in 1996. Evaporation increased from April to July, decreased from July to October,
was greatest in June and July and smallest in April. Wind speeds were greatest in 1993
and 1995 and smallest in 1996, unlike the wind speeds at Lake Lacawac which were
greatest in 1994 and 1996 and smallest in 1993 and 1995. Daily evaporation calculated
by the Harbeck method using adjusted Avoca wind speeds is in closer agreement with the
radiation methods than using the wind speed at Lake Lacawac. Therefore, if Lake
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Lacawac was not a sheltered lake surrounded by heavily wooded areas, the Harbeck
method might be in closer agreement with the radiation methods.
6.4.2 Meyer Method
Evaporation at Lake Lacawac averaged 26.8 inches (680 mm) for the study period
according to the Meyer method, Equation (22), similar to the value obtained by the
radiation methods. For the study period, daily evaporation varies from 0 to 0.41 inches
(10.5 mm) and has an average daily value of 0.13 inches (3.25 mm); average monthly
evaporation varies from 1.55 inches (40 mm) in April to 5.3 inches (135 mm) in July to
2.4 inches (61 mm) in October; and April to October averages of evaporation vary from
24.75 inches (629 mm) in 1994 to 28.40 inches (722 mm) in 1996. Similar to all of the
methods previously described, evaporation increased from April to July and decreased
from July to October. June and July produced the largest amounts of evaporation, 4.7 to
5.3 millimeters per day, and April averaged the smallest amount of evaporation at 1.6
millimeters per day (Figure 6.19). Evaporation was greatest in 1996, 28.40 inches (722
mm), when the vapor pressure deficit and wind speed were greatest and evaporation was
smallest in 1994, 24.75 inches (629 mm), when the vapor pressure deficit was smallest and
the wind speed was high on average. Similar to the Harbeck method, evaporation is
greatest when the vapor pressure deficit and wind speeds are high. The mass-transfer
coefficient or function of wind speed for the Meyer method is 0.36+0.0036*u25, where
UZ5 is the wind speed at 25 feet above the earth's surface measured in miles per hour.
Therefore, based on these observations, evaporation is highly dependent on the vapor
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pressure deficit and not as dependent on the wind speed when using the Meyer method.
Refer to Tables 6.1b to 6.1c and Figures 6.2b to 6.2c for evaporation summaries of 10
day, monthly and yearly average evaporation.
Wind speed from the Avoca weather station was also used to calculate evaporation at Lake
-
Lacawac for the Meyer method (Table 6.4). For the study period, daily evaporation varies
from 0 to 0.39 inches (10.0 mm) and has an average daily value of 0.15 inches (3.85
mm); average monthly evaporation varies from 1.9 inches (48 mm) in April to 6.2 inches
(157.5 mm) in July to 2.8 inches (71 mm) in October; and April to October averages of
evaporation vary from 29.2 inches (742 mm) in 1994 to 33.2 inches (844 mm) in 1993 and
averaged 31.4 inches (798 mm) for the study period. Evaporation increased from April
to July, decreased from July to October, was greatest in June and July and smallest in
April. Wind speeds were greatest in 1993 and 1995 and smaller in 1994. Adjusted daily
wind speed at a height of 25 feet above the earth's surface at Avoca is approximately 61 %
greater on average than at Lake Lacawac. This increase in daily average wind speed yields
values of evaporation 17 % greater, on average, than Lacawac wind speed from April to
October.
6.4.3 Penman Aerodynamic Method
Evaporation determined from the Penman Aerodynamic Method, Equation (23), at Lake
Lacawac is 25.0 inches (635 millimeters) for the study period. For the study period, daily
evaporation varies from 0 to 0.53 inches (13.5 mm) and has an average daily value of
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0.12 inches (3.0 mm); average monthly evaporation varies from 1.5 inches (38 mm) in
April to 4.9 inches (125 mm) in July to 1.5 inches (58 mm) in October; and April to
October averages of evaporation vary from 23.5 inches (597 mm) in 1994 to 26.67 inches
(677 mm) in 1996. Similar to the Meyer method, evaporation at Lake Lacawac was
greatest in 1996, when the wind speed and vapor pressure deficit were greatest, and
smallest in 1994, when the vapor pressure deficit was smallest and the wind speed was
high. Throughout the study period, in similar fashion as the other methods, evaporation
rose from April to July and dropped from July to October (Figure 6.20). Evaporation
rates were greatest in June and July throughout the study period averaging 4.5 and 4.9
millimeters per day (0.18 and 0.19 inches per day), respectively, and smallest in April
averaging 1.5 millimeters per day (0.06 inches per day). The mass-transfer coefficient or
function of wind speed for the Penman Aerodynamic method is 0.175+0.0035*u2, where
u2 is the wind speed in miles per day at an elevation of 2 meters above the earth's surface.
Therefore, evaporation is highly dependent on the vapor pressure deficit and not as
dependent on the wind speed when using this method. Evaporation is greatest when the
vapor pressure deficit is greatest (June and July) and smallest when the vapor pressure
deficit is smallest (April). Refer to Tables 6.1b to 6.1c and Figures 6.2b to 6.2c for
evaporation summaries of 10 day, monthly and yearly average evaporation.
Adjusted wind speed from the Avoca weather station was also used to calculate
evaporation at Lake Lacawac for the Penman Aerodynamic method (Table 6.4). Adjusted
daily wind speed at a height of 2 meters above the earth's surface at Avoca is
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approximately 61 % greater on average than at Lake Lacawac. This increase in daily
average wind speed yields values of evaporation 36% greater, on average, than Lacawac
wind speed from April to October. The average evaporation at Lake Lacawac, using
Avoca wind speed, for the study period is 33.8 inches (859 mm). For the study period,
daily evaporation varies from 0 to 0.49 inches (12.4 mm) and has an average daily value
of 0.16 inches (4.15 mm); average monthly evaporation varies from 2.2 inches (56 mm)
in April to 6.67 inches (169 mm) in July to 3.0 inches (76 mm) in October; and April to
October averages of evaporation vary from 36.5 inches (927 mm) in 1993 and 1995 to
30.30 inches (769 mm) in 1996. Evaporation increased from April to July, decreased from
July to October, was greatest in June and July and smallest in April. Wind speeds were
greatest in 1993 and 1995 and smallest in 1996, unlike the wind speeds at Lake Lacawac
which were greatest in 1994 and 1996 and smallest in 1993 and 1995.
6.4.4 Lake Lacawac Mass-Transfer Method
The mean evaporation for the study period, as determined by the energy budget method,
was used to determine if a mass-transfer coefficient, N, or a function of wind speed, f(u)
could be used independently at Lake Lacawac. From Figures 6.21a to 6.21c, a correlation
does not appear to exist between daily evaporation calculated from the energy budget
method over the daily vapor pressure deficit versus f(u), or between the daily evaporation
calculated from the energy budget method versus the daily vapor pressure deficit times the
daily mean wind speed at Lake Lacawac. However, a mass-transfer coefficient, N, was
determined for monthly average evaporation (Figure 6.2ic) based on monthly average
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evaporation values from the energy budget method
(44 )
where E is the total monthly evaporation in millimeters, U2.7S is the Lake Lacawac wind
speed measured at an elevation of 2.75 meters above the water surface in meters per
second, es is the saturation vapor pressure at the water surface in millibars, ea is the vapor
pressure of the air in millibars, and n is the number of days in the month. Equation (44)
has a correlation, R2=0.556, and a standard error of 25.7 millimeters. For the study
period, average evaporation from April to October varies from 24.1 inches (612 mm) in
1993 to 27.7 inches (704 rom) in 1996 with an average evaporation rate of 25.7 inches
(653 rom), Table 6.1a and Figure 6.22. Evaporation from April to October by Equation
(33) is within 8%, on average, of evaporation calculated from the energy budget method
from 1993 to 1996.
Acorrelation was also made between the measured daily incoming solar radiation at Lake
Lacawac and daily evaporation calculated from the energy budget method. The regression
analysis of Lake Lacawac and Avoca data on daily average air temperature compiled
during July 1992 through December 1996 correlate very well with each other (Figure 6.23)
and can be determined from the following equation:
E~i~=O.0195PYR-O.658
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(45 )
where Edailly is the daily average evaporation at Lake Lacawac in millimeters and PYR is
the daily average incoming solar radiation measured by the pyranometer at Lake Lacawac
in Watts per square meter. Equation (44) has a correlation of 0.658 and a standard
deviation of 1.25 millimeters. For the study period, average evaporation from April to
October varies from 25.3 inches (643 mm) in 1993 to 26.2 inches in 1995 (666 mm) with
an average evaporation rate of 25.6 inches (650 mm), Table 6.1a and Figure 6.24.
Evaporation from April to October by Equation (34) is within 4.5%, on average, of
evaporation calculated from the energy budget method from 1993 to 1996. Refer to
Tables 6.1b to 6.1c and Figures 6.2b to 6.2c for evaporation summaries of 10 day,
monthly and yearly average evaporation.
6.S Penman Combination Method
Using the Penman Combination method, which utilizes both the energy budget and mass-
transfer approaches, the average evaporation for the study period at Lake Lacawac is 29.1
inches (740 millimeters). For the study period, daily evaporation varies from 0 to 0.33
inches (8.35 mm) and has an average daily value of 0.14 inches (3.5 mm); average
monthly evaporation varies from 2.65 inches (67.3 mm) in April to 5.9 inches (150 mm)
in July to 2.2 inches (56 mm) in October; and April to October averages of evaporation
vary from 28.5 inches (724 rhm) in 1994 to 29.8 inches (757 mm) in 1995. Evaporation
was greatest when net radiation, vapor pressure deficit and wind speeds are greatest and
when the Bowen ratio is small (Figure 6.25). Similar to the radiation methods evaporation
was greatest in 1995 (mass-transfer methods which were greatest in 1996) and was lowest
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in 1994 when the Meyer and Penman Aerodynamic methods were lowest (radiation
methods lowest in 1996). Refer to Tables 6.1b to 6.1c and Figures 6.2b to 6.2c for
evaporation summaries of 10 day, monthly and yearly average evaporation.
6.6 Comparison of All Methods
Figures 6.1a to 6.lf and 6.2a to 6.2c show that energy-budget evaporation rates generally
are less than the mass-transfer rates during periods of low evaporation (September and
October) and greater during periods of high evaporation (June and July). Mass-transfer
evaporation from Lake Lacawac is generally much greater than energy budget evaporation
during late summer and early autumn.
The radiation methods and combination methods used in this study correlate well with one
another on a daily and monthly basis. The energy budget method and Priestley-Taylor
method are within 10% of the average monthly values, on average, for the study period
while the energy budget method and Penman combination method are less than 10% of the
average monthly totals from April to July and approximately less than 25 % of the monthly
totals from August to October. The Meyer and Penman Aerodynamic methods yield April
to October evaporation rates similar in comparison to the radiation methods. However,
none of the mass-transfer equations appear to show any correlation on a daily or monthly
basis with the radiation methods, or vice-versa. This is because, if radiation is high, the
radiation methods yield high results of evaporation and, when radiation is low, the
radiation methods produce low evaporation rates, whereas, mass-transfer methods may be
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yielding low or high evaporation rates depending on the season of year. An example of this
occurs when net radiation is greatest (June and July), the vapor pressure deficit is also
high; however, on cloudy, rainy or overcast days, the net radiation may be low but the
vapor pressure deficit still remains high. Also, the wind speed does not change
significantly throughout the study period and may be low or high when the evaporation· is
greatest or smallest for the radiation methods.
Daily evaporation at Lake Lacawac does not appear to be a function of the mass-transfer
methods. This may be because Lake Lacawac is sheltered by large deciduous trees; the
small surface area of the lake (not a big enough fetch for vertical mixing to occur); wind
direction is not taken into account in the mass-transfer equation.
6.7 Pan and Lake Evaporation in Pennsylvania
Rahn (1973) used data from eleven (11) class A pan evaporation stations, based on 1 to
30 years of data (1934 to 1971), throughout the state of Pennsylvania to determine lake
evaporation (called pan study hereafter). Topography, latitude and climate together with
the evaporation-controlling factors, account for the wide variation in evaporation rates
from the evaporation pans. A relationship between evaporation from class A pans and
evaporation from lak~s was determined annually and for the months of May through
October. The annual pan coefficient used for Rahn's study is 0.75, and takes into account
the effect of advected energy and net heat gain or loss through the pan. However,
throughout the United States, the pan coefficient can range from about 0.65 to 0.80
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depending on a temperature lag in the water body that results from the difference in heat
storage capacities of the pan and/or of a larger body of water (Rahn, 1973).
Rahn utilized pan evaporation data taken at Lake Wallenpaupack Dam in Hawley,
Pennsylvania from 1934 to 1959. The Hawley pan evaporation averaged 28.1 inches (714
millimeters) from May to October during 1934 to 1959. A pan coefficient of 0.75
estimates the average amount of evaporation at Lake Wallenpaupack to be 21.1 inches or
535 millimeters from May to October from 1934 to 1959 and that 90% of lake evaporation
falls between 17.0 inches and 25.2 inches. His study also concludes that the mean annual
lake evaporation is approximately 28.5 inches in northeastern Pennsylvania using a pan
coefficient of 0.75 (Figure 6.26). For this study, 28.5 inches is used as a comparison
from April to October and 21.1 inches is used as a comparison from May to October for
all evaporation methods. In general, pan evaporation at Lake Wallenpaupack increased
from May to July and decreased from July to August. Pan evaporation was greatest in
July averaging 6.2 (158 mm) inches and smallest in October averaging 2.3 inches (58.4
mm).
6.8 Comparison to Pan and Lake Evaporation in Pennsylvania
Evaporation from the pan study is compared to all of the evaporation methods, utilizing
Lacawac (rather than Avoca) meteorological data from 1993 to 1996. Table 6.5 shows a
summary of these results. The Energy Budget method, assuming no advection or change
in storage, shows that from May to October evaporation is 10.6% higher on average (23.3
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inches) than evaporation based on the pan study (21.1 inches) and approximately 9% lower
(26 inches) than the mean annual evaporation (28.5 inches). Of the three mass-transfer
methods (Harbeck, Meyer and Penman Aerodynamic), the Penman-Aerodynamic method
resembled the pan study the best from May to October averaging 23.4 inches (11 %
greater), on average, while the Meyer method was nearest the mean annual evaporation
from the pan study averaging 26.8 inches (6% smaller). Overall, the Penman-
Combination provided values of evaporation closest to the mean annual evaporation,
determined from the pan study, and averaged 29.15 inches (2.3% greater), followed by
the Meyer, Priestley-Taylor and Energy Budget methods. For this study, all of the
evaporation methods, using Lacawac data, fell within the 90 % range from May to October
when compared to the pan study. However, the radiation methods provided values of -
evaporation closer to the pan study than did the mass-transfer methods.
Equations (43) and (44), empirically derived from evaporation from the energy budget and
measured incoming short-wave evaporation, were 13.75% and 8.1 %greater from May to
October and -9.85 and -10.2% less than the average annual evaporation from the pan
study, respectively.
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Energy I Penman I Priestley- I Harbeck I Meyer I Penman Lake Lake LacawacBudget Combination Taylor Aerodynamic Lacawac, E=0.0l95PYR -
N=0.216 0.658
(in) (in) (in) (in) (in) (in) (in) (in)
1992 (JUly-OCL) 11.20 1378 11.90 807 1445 12.40 I 11.59 I 12.78
0
II
1993 25.48 2885 26.63 1681 I 26.84 I 24.26 I 24.12 I 25.30
Vl
1994 2485 28.48 2608 17.21 2476 23.52 24.70 25.49
1995 2890 29.80 27.30 1824 27.09 25.34 2618 26.20
1996 2452 2943 25.65 1927 28.41 26.66 27.65 25.55
Average ('93- '96) 260 291 264 17.9 26.8 25.0 25.7 25.6
Table 6.1a: Evaporation calculated from dally average climatological data at Lake Lacawac,
Energy I Penman I Priestley- I Harbeck I Meyer I Penman Lake Lake LacawacBudget Combination Taylor Aerodynamic Lacawac, E=00195PYR -
N=0.216 0.658
(in) (in) (in) (in) (in) (in) (in) (in)
1992 (July-Oct.) 1091 1357 11.90 7.81 14.61 12.30 11. 21 12.77
--
Ii
0 1993 2338 28.33 26.22 16.54 26.77 24.04 23.73 25.190'1
1994 25.80 2831 26.21 1704 2502 23.53 24.45 25.44
1995 2995 2967 27.38 1820 2739 25.45 26.11 26.17
1996 2573 29.07 2554 19.10 2854 26.62 27.41 I 25.50
Average ('93- '96) I 262 2885 26.33 17.7 26.9 24.9 25.4 I 256
Table6.lb: Evaporation calculated from 10 day average climatological data at Lake Lacawac.
Energy I Penman I Priestley- I Harbeck I Meyer I Penman Lake Lake LacawacBudget Combination Taylor Aerodynamic Lacawac, E =0.0l95PYR-
N=0.216 0.658
(in) (in) (in) (in) (in) (in) (in) (in)
1992 (JUly-OCL) 1082 1351 11.83 7.83 14.61 12.32 11.23 I 12.77
0
Ii
1993 27.00 28.14 I 26.01 I 1644 I 26.66 I 23.92 I 23.59 I 25.19
-....J
1994 2505 2823 I 26 17 I 16.99 I 25.02 I 2349 I 24.38 I 2544
1995 I 27.80 29.51 I 27.19 I 1814 I 27.37 I 2541 I 26.04 I 26.17
--
1996 I 24.79 2887 2539 26.40 27.13 25.50
26.2 28.7 26.2 24.8 25.3 25.6
Table 6.1c: Evaporation calculated from monthly average climatological data at Lake Lacawac.
Energy I Penman I Priestley- I Harbeck I Meyer I Penman Lake Lake LacawacBudget Combination Taylor Aerodynamic Lacawac, E=0.0195PYR-
N=0.216 0.658
(111 II1 ) I (111m) I (111 II1) I (nlln) I (Ill II1) I (mm) (mm) (mm)
Maximum Daily 1521 I 835 I 922 I 1263 I 1045 I 13.51 I 12.35 I 1812
Mean April 260 264 247 119 154 1.54 I 1.71 I 2.82
'-'
Ii
0 Mean May 444 4.68 420 2.68 380 3.63 I 3.84 I 4.3200
Mean June 536 568 551 323 473 445 I 4.63 I 472
Mean July 546 587 574 350 531 4.91 I 5.02 I 4.71
Mean August 423 494 460 3.03 I 5 15 I 4,53 I 4.35 I 4.18
Mean September 233 3,17 240 258 I 382 I 3.58 I 3.71 I 267
Mean October 153 2. 17 150 1.68 I 2.43 I 2.30 I 2.41 I 2.21
Table 6.2: Mean monthly and maximum dally evaporation based on dally climatological data at Lake Lacawac.


Average %Difference, Average I %Difference,Evaporation Annual Evap. Evaporation May to October Evap.April to October May to October
(inches) (inches)
Energy Budget 260 -88 233 I 106
Penman Combination 2915 23 26.5 I 256
Priest ley-Taylor 264 -74 24.0 I 135
....... II Harbeck 179 -37.2 16.7 I -20.9
.......
.......
..
IMeyer 268 -6.0 25.2 I 19.6
Penman Aerod~11amic 250 -12.3 I 234 I 109
Lake Lacawac, N=O.216 25 7 -98 I 240 I 13 75
Lake Lacawac, 256 -102 I 22.8 I 8 I
E=O.0195PYR-O.658
Average Annual Lake Evaporatio 28.5 inches using a pan coefficient of 0.75 (Rahn, 1973)
Average Lake Evaporation, May to October 21.1 inches using a pan coeffiCient of 0.75 (Rahn, 1973)
Table 6.5: Evaporation at Lake Lacawac compared to Rahn's 1973 Study.
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Figure 6.1: Monthly Average Evaporation
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Figure 6.1: Monthly Average Evaporation
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Figure 6.2: April to October Evaporation
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Figure 6.2: April to October Evaporation
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Figure 6.3: Average Monthly Net Radiation
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Figure 6.4: Average Monthly Incoming Solar Radiation
117
25 -,-----,------,----r--~--______r---,__-~
OctSeptAugJulyJuneMayApril
o
20
a
~
e, 15g
~
0p. ~~ 10
E-4 ,,
.!:l
<
5 I'
Figure 6.5: Average Monthly Air Temperature
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Figure 6.6: Average Monthly Near Water Surface Temperature
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Figure 6.7: Average Monthly Relative Humidity
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Figure 6.8: Average Monthly Vapor Pressure Deficit
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Figure 6.9: Average Monthly Wind Speed
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Figure 6.10: Average Monthly Air Pressure
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Figure 6.11: Average Monthly Rainfall
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Figure 6.12: Bowen Ratio
80 ,--------.--....------.--------,----.---,------.------,
>. 60
~~~
.g 40 +------1I----I----+----\-
~
I::l
~
o
~ 20 -1----JI---+----+---_I___
O-+--Jl---+----!-----\-
<-1 -0.67 to -0.33 0 to 0.33 0.67 to 1
-1 to -0.67 -0.33 to 0 0.33 to 0.66 >1
II Daily III 10 Day Avg 11 30 Day Avg
Figure 6.13: Bowen Ratio Frequency
123
160 -r---,----,----,------.-----.-----,....--~
140 -t----+----+--II---J.-~ I--+----!---_-I----_~
120 -t----+- --+--
40
20
---§ 100 -j---+-
.......,
§
.~ 80g
~ 60
~
OctSeptAugJuly
1t
June
:~
MayApril
o
• 1992 • 1993111994 D 1995 , 1996
(a) Energy Budget Equation
160 ~--__r_----,---~---.,_--~--~--~
140 +----t-----+----+--=--I-----l----j.---'----~
120 +----t-----I-
---§ 100 -I----+-
"-'"§
.~ 80g
~ 60
~
40
20
o
April May June July Aug Sept Oct
III Daily Bowen Ratio • 10 Day Bowen Ratio _ 30 Day Bowen Ratio
(b) Energy Budget Equation for Various Bowen Ratios
Figure 6.14: Monthly Average Evaporation
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Figure 6.15: Monthly Average Delta
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Figure 6.16: Monthly Average Gamma
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Figure 6.17: Monthly Average Evaporation Priestley-Taylor Equation
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Figure 6.18: Monthly Average Evaporation - Harbeck Equation
126











LIST OF REFERENCES
Ang, Alfredo H-S. and Tang, Wilson H. (1975) Probability Concepts in Engineering
Planning and Design. New York, New York: John Wiley & Sons.
Bedient, Philip B. and Huber, Wayne C. (1992) Hydrology and Floodplain Analysis. New
York, New York: Addison-Wesley Publishing Company.
Bowen,I.S. (1926) The Ratio of Heat Loss by Conduction and by Evaporation from any
Water Surface.
Bras, Rafael L. (1990), Hydrology. New York, New York: Addison-Wesley Publishing
Company.
Brutsaert, W.H. (1982) Evaporation into the Atmosphere, D.Reidel Publishing Company,
Dordrecht, Holland.
Coulson, Kinsell L. (1975), Solar and Terrestrial Radiation. New York, New York:
Academic Press.
Grute, W. et al (1986), Solar Radiation Data form Satellite Images. Dordecht, Holland:
D. Reidel Publishing Company.
Harbeck, G.E., Kohler, M.A., Koberg, G.E., and others (1958), Water Loss
Investigations: Lake Mead Studies. U.S. Geologic Survey Professional Paper 298.
Harbeck, G.E., Koberg, G.E. and Hughes, G.H. (1959), The Effect of the Addition of
Heat from a Powerplant on the Thermal Structure and Evaporation of Lake
Colorado City. Texas. U.S. Geologic Survey Professional Paper 272-B.
Harbeck, George E. (1962), A Practical Field Technique for Measuring Reservoir
Evaporation Utilizing Mass-Transfer Theory. U.S.Geologic Survey Professional
Paper 272.
Harbeck, G.E. and Meyers, 1.S. (1970). Present Day Evaporation Measurement
Techniques. Journal of Hydraulic Division, Proc. ASCE96 (HY7).
Henderson-Sellers, B. (1984), Engineering Limnology. Marshfield, Massachusetts:
Pitman-Publishing, Inc.
Hounam, C.E. (1973), Comparison Between Pan and Lake Evaporation, (Technical Note
No. 126), World Meteorological Organization, Geneva, Switzerland.
138
Hughes, G.H. (1967), Analysis of Techniques Used to Measure Evaporation From Salton
Sea. Califronia. U.S. Geologic Survey Professional Paper 272-H.
Iqbal, Muhammad. (1983), An Introduction to ~olar Radiation. New York, New York:
Academic Press.
Jones, Frank E. (1992), Evaporation of Water. Ann Arbor, Michigan: Lewis Publishres,
Inc.
Lee, Ting-I Steve (1996), Comparison of Evaporation Calculation Methods for Lake
Lacawac. Bethlehem, Pennsylvania: Lehigh University.
Linacre, Edward (1992), Climate. Data and Resources. New York, New York:
Routledge.
Liou, K. N. (1992), Radiation and Cloud Processes in the Atmosphere. New York, New
York: Oxford Press.
Lohman, Stanley W. (1957). Ground Water in Northeastern Pennsylvania. Bureau of
Topographic and Geologic Survey, Harrisburg, PA.
Maidment, David R. (1993), Handbook of Hydrology. New York, New York: McGraw-
Hill, Inc.
Martin, George D. (1985), Soil Survey of Wayne County Pennsylvania. Soil Conservation
Service, Honesdale, PA. .
McCuen, Richard H. (1989), Hydrologic Analysis and Design. Englewood Cliffs, New
Jersey: Prentice-Hall, Inc.
Meyer, A.F. (1944) Evaporation from Lakes and Reservoirs. Minnesota Resources
Commission, St. Paul, MN.
Moeller, R.E., and Williamson, C.E. (1994) Lake Lacawac Report on Limnological
Conditions in 1993, Pocono Comparative Lakes Program, Lehigh University.
"Northeastern Pennsylvania Road Maps," (1990). Doylestown, PA: Alfred B, Patton, Inc.
"Pennsylvania Atlas and Gazette, Topographic Map of the Entire State Back Roads and
Outdoor Recreation," (1990). Freeport, ME: Delorme Mapping Company.
Ponce, Miguel V. (1989), Engineering Hydrology: Principles and Practices. Englewood
Cliffs, New Jersey: Prentice-Hall, Inc.
139
Priestley, C.H.B. Turbulent Transfer in the Lower Atmosphere. Chicago, Illinois: The
University of Chicago Pre~s.
Rahn, James J. (1973), Pan and Lake Evaporation in Pennsylvania, (Information Report
No. 69), Institute for Research on Land and Water Resources, The Pennsylvania
State University, University Park, Pennsylvania.
Singh, Vijay P. (1988), Hydrologic Systems. Rainfall-Runoff Modeling Volume 2.
Englewood Cliffs, New Jersey: Prentice-Hall, Inc.
Singh, Vijay P. (1992), Elementary Hydrology. Englewood Cliffs, New Jersey: Prentice-
Hall, Inc.
Spiess, Jill M. (1993), Thermal Aspects of Two Pocono Lakes. Pocono Comparative
Lakes Program, Lehigh University, Bethlehem, Pennsylvania.
Turner, J.F. (1966), Evaporation Study in a Humid Region. Lake Michie North Carolina.
U.S. Geologic Survey Professional Paper 272-G.
U.S. Army Corps of Engineers (1986), CE-QUAL-Rl: A Numerical One-Dimensional
Model of Reservoir Water Quality: Users Manual (Instruction Report E-82-1
Revised Edition), U.S. Army Engineers Waterways Experiment Station
Environmental Laboratory, Vicksburg, Mississippi.
U.S. Department of Commerce (July, 1992 - December, 1996), Local Climatological Data
Summary Avoca. Pennsylvania, (lSSN 0198-4489), National Oceanic and
Atmospheric Administration.
U.S. Geologic Survey (1954) Water-Loss Investigations. Vol 1. Lake Hefner Studies,
U.S. Geologic Survey Professional Paper 269.
Viessman, Lewis, and Knapp. (1989), Introduction to Hydrology. New York, New York:
Harper & Row Publishers.
~
Weisman, R.N. and Brutsaert, W. (1973), Evaporation and Cooling of a Lake under
Unstable Atmospheric Conditions. Water Resources Research, Volume (15), pg.
1242-1257.
140
VITA
Andrew T. White was born on August 27, 1972 to Mr. and Mrs. Gary E. White in Royal
Oak, Michigan. He received his Bachelor of Science degree in Civil Engineering and a
minor in Psychology from Lehigh University, Bethlehem, Pennsylvania in June of 1994.
Mr. White is currently employed with Langan Engineering and Environmental Services,
Inc. of Doylestown, Pennsylvania, a Civil Engineering consulting firm, where he has
worked the past three years. He has attained valuable experience in all aspects of civil/site
development design of commercial and residential properties. Mr. White enrolled in
Lehigh University's Masters Program of Civil Engineering in the Fall of 1994 to attain a
Master of Science Degree in the specialty of Hydraulic/Hydrologic Engineering. The
author is an Engineer in Training, a member of the American Society of Civil Engineers
and is a member of the American Water Resources Association with plans to obtain his
Professional Engineering license in the Spring of 1998.
141
END
OF
TITLE
